To identify genes regulated by N-myc, subtraction of whole embryo cDNA was carried out between wild type and N-myc-deficient mutant mice. Six cDNA clones were isolated as representing genes expressed higher in the mutant embryos and two as those expressed lower. One of them, Ndr1, coding for 43 kDa cytoplasmic protein was studied in detail. The Ndr1 gene was augmented 20-fold in the mutant embryos at 10.5 days post coitus which is indicative of repression by N-myc. An inverse relationship actually existed between the expression of Nmyc and Ndr1 in various developing tissues of the wild type embryos. In the early stage of differentiation of these tissues when N-myc expression was high Ndr1 expression was low or undetectable, and later when N-myc activity diminished Ndr1 expression was augmented concomitantly with the occurrence of terminal differentiation. To establish the direct link between N-myc activity and the Ndr1 regulation, the Ndr1 gene was cloned and analyzed. The Ndr1 promoter activity was down-regulated by N-myc, and more strongly by the combination of N-myc and Max in the cotransfection assay. This repressive effect was mediated by the promoter region within 52 base pairs from the transcription start site but direct binding of N-myc:Max to the promoter sequence was not demonstrated, which is analogous to the cases recently reported for transcriptional repression by c-myc. c-myc also repressed Ndr1 promoter activity similarly to N-myc. The effect of Nmyc:Max was sensitive to Trichostatin A, indicating involvement of histone deacetylase activity in repression of the Ndr1 promoter. The strategy we adopted in identifying target genes of a transcription factor should prove widely applicable when mutant animals are available.
Introduction
A number of genes important for mammalian development have been inactivated in the mouse by targeted mutagenesis. This recent methodology has opened a new avenue to understanding the elementary processes of embryogenesis, since the mutation in theory affects development of the tissues in which activity of the gene is directly or indirectly involved.
Many of the genes of interest in this respect are those encoding transcription factors. Direct consequence of the loss of a transcription factor in mutant mice is dysregulation of the immediate downstream genes, which is eventually reflected by various developmental anomalies. The significance of a mutant phenotype thus remains elusive without knowledge of the downstream genes.
We have been interested in the regulatory role of N-myc in embryonic development because of its high expression in the mid gestation period in various organ rudiments (Mugrauer et al., 1988; Downs et al., 1989; Sawai et al., 1990; Hirning et al., 1991; Kato et al., 1991) . Histological survey of N-myc expression in these organs/tissues revealed that high N-myc expression in many cases takes place immediately preceding terminal differentiation of a tissue, suggesting that one important function of N-myc is that of committing cells to terminal differentiation (Mugrauer et al., 1988; Hirning et al., 1991; Kato et al., 1991; Mugrauer and Ekblom, 1991; Shimono et al., 1996) . In fact, N-myc has been shown to play important roles in neuronal differentiation of neural crest cells (Wakamatsu et al., 1997) .
N-myc is a bHLH-Zip protein, heterodimerizing with Max (Blackwood and Eisenman, 1991; Wenzel et al., 1991) and binding to DNA sequences which usually contain CACGTG-related sequences (Alex et al., 1992) , and is believed to regulate transcription of genes, as true of cmyc protein (Facchini and Penn, 1998, for review) . In the case of c-myc, candidate target genes have been isolated as those which are activated by exogenous c-myc (Eilers et al., 1991; Benvenisty et al., 1992; Bella-Fernandez et al., 1993; Galaktionov et al., 1996; Tsuneoka et al., 1997) or those bound in vivo and activated by c-myc:Max (Grandori et al., 1996) . However, recent evidence indicates that c-myc often represses the genes and that the repression does not necessarily involve direct binding of the c-myc protein to the DNA (Facchini and Penn, 1998 , for review), necessitating a general procedure to identify downstream genes without depending on the mechanism of the regulation.
One approach to identify regulatory target genes of Nmyc is to utilize N-myc mutant mice. N-myc-deficient mutant mice develop defects in a number of tissues with good correlation to the sites of N-myc expression (Charron et al., 1992; Moens et al., 1992; Stanton et al., 1992; Moens et al., 1993; Sawai et al., 1993) , and become lethal around 11.5 days post coitus (dpc). However, the peak of N-myc expression is earlier, around 10.5 dpc, when wild type and N-myc deficient embryos are barely distinguishable by morphological criteria (Sawai et al., 1993) . It is assumed that lack of regulation by N-myc, either activation or repression, of downstream genes at this stage has a substantial effect on subsequent development of various tissues, and this effect is manifested in mutant embryos on day 11. Therefore, if we subtract total cDNAs of mutant embryos from wild type cDNAs at 10.5 dpc (or vice versa), it will allow us to isolate cDNA of down-regulated mRNA in the mutants (or of upregulated mRNA species in the opposite combination).
As reported here, this approach was successful in isolating a number of cDNAs which represent mRNAs up-regulated or down-regulated in mutant embryos. One of the Nmyc downstream genes, Ndr1 was studied in detail. In various embryonic organ rudiments an inverse relationship was found between the expression of N-myc and Ndr1, indicating that repression of the latter by the former is a regulation operating in embryogenesis. It was also shown that the activity of the Ndr1 promoter is repressed by the combination of N-myc and Max.
Results

Enrichment of wild type-abundant and mutantabundant mRNA sequences by cDNA subtraction
To isolate cDNAs of transcripts the abundance of which is dependent on N-myc genotype, we chose the strategy of cDNA library subtraction of whole mouse embryos of 10.5 dpc between the homozygous mutants and the wild type. This stage was the period of high N-myc expression, and morphological development of the embryos and organ rudiments was still barely distinguishable between the two genotypes. The procedure of subtraction was adopted from Wang and Brown (1991) . In brief, cDNA populations common to the wild type and homozygous mutants were eliminated as biotin-containing duplexes and this subtraction step was repeated after PCR amplification of the remaining cDNA population. Two parallel subtraction series were set up to enrich those more abundant in wild type and those more abundant in the homozygous N-myc mutants. As shown in Fig. 1A , genotype-dependent transcripts were enriched step-by-step in both series.
The cDNA fragments accumulated after these subtraction-PCR cycles and after removal of highly iterated sequences in the subtracted pool were inserted into a plasmid vector. Fifty-nine colonies from the wild type minus mutant subtraction series and 104 colonies from the opposite subtraction series were analyzed, either by northern blotting or by frequency of occurrence in cDNA libraries of original mRNAs. From this screening, two clones (w25 and w26) and six clones (m9, m11, m14, m61, m83 and m113) were isolated as representing sequences of lower and higher abundance, respectively, in the mutant mRNA population (Table 1, Fig. 1B ). Clone w25 repeated three times and clone m113 twice in the colonies analyzed.
This result (Table 1 , Fig. 1B ) showed that augmentation of gene expression in the mutant embryos occurred at an appreciable frequency, suggesting that N-myc acts as a negative regulator of genes. Augmentation of expression of such genes in mutant embryos was generally high (up to 20-fold in the case of m113 sequence), as compared to the moderate reduction of expression (only 2-fold) as observed with w26 sequence (Fig. 1B) .
Ndr1 gene and its derepressed expression in N-mycdeficient embryos
We gave special attention to the gene to which the cDNA clone m113 belongs because of the large extent of its augmentation in the mutant embryos. We call this gene Ndr1 (N-myc -downstream, repressed gene 1). A complete cDNA of 2885 bp (GenBank accession number U60593) with a polyA stretch at the 3′ end was reconstructed from phage clone m113-4 and a 5′ RACE product ( Fig. 2A) . Ndr1 protein encoded by this cDNA is 43 kDa in size (Fig. 2B) , has no known motifs with functional assignment, and is likely to be cytoplasmic judging from localization of the epitopetagged protein (Fig. 2C and data not shown) .
In situ hybridization of Ndr1 transcripts was done in whole mounts of 10.5 dpc embryos. While wild type embryos showed a weak hybridization signal in the somites and visceral organs, N-myc homozygous mutants exhibited a remarkably elevated signal in these tissues (Fig. 3A) , con-sistent with the northern blot data. Heterozygous mutant embryos were indistinguishable from wild type in these analyses.
Expression of N-myc and Ndr1 was compared in histological sections in 11.5 day embryos of wild type and homozygous N-myc mutants. As shown in Fig. 3B ,C, a neo-N-myc composite transcript of the mutant allele was detected in homozygotes with tissue distribution similar to the wild type N-myc transcript.
In the limb bud of wild type embryos, for instance, the Ndr1 transcript was detectable at a low level with a distribution similar to the N-myc transcript (Fig. 3D ). In the mutant limbs, Ndr1 expression was very high, and had a distribution analogous to the neo-N-myc (Fig. 3E ). This indicated that Fig. 1 . Isolation of wild type-abundant and mutant-abundant cDNAs by whole embryo cDNA subtraction. (A) Enrichment of genotype-specific sequences after each subtraction-amplification cycle. Upper panel: Southern blot of PCR-amplified cDNAs after each subtraction cycle, wild type minus mutant and mutant minus wild type, were probed with the product of the third subtraction procedure of wild type minus mutant series. A group of sequences were clearly enriched which were specific to wild type minus mutant series. The same sequences were not enriched at all in mutant minus wild type series. Lower panel: A twin blot was probed with the product of mutant minus wild type subtraction series. (B) Example of mRNAs down-regulated or up-regulated in N-myc mutant embryos. Total RNA of 10.5 dpc embryos, wild type (W) and homozygous mutant (M) was processed for northern blotting and probed with a wild typeabundant clone (w26) and mutant-abundant clones (m11, m83 and m113). b-actin was used as an example of an invariant mRNA. the sites of Ndr1 expression were closely correlated with those of N-myc, but in the absence of the functional N-myc protein Ndr1 expression was augmented in these sites. An analogous situation seemed to exist in the somites and other tissues, although the central nervous system was an exception in that expression of Ndr1 was not genotype dependent. . The thin wall of the spinal cord (sc), tiny dorsal root ganglia (drg), and the heart (h) without ventricular septum (vs., present in B) are common features of N-myc deficient embryos (Sawai et al., 1993) . In the wild type limb bud (lb) Nmyc was expressed strongly (B, arrowhead) (Kato et al., 1991) , while Ndr1 expression was very low (D, arrowhead) with a profile almost identical to N-myc.
In the mutant embryo, Ndr1 was expressed very strongly in the limb (B, arrowheads) with the same distribution as neo-N-myc (C, lb and arrowheads). The mutant embryo also had a high Ndr1 expression in the somites (B, 5 and arrows) corresponding to the site of neo-N-myc transcript (C, arrows). Sense probe controls had essentially no signals (see Fig. 5E ). The bar indicates 400 mm.
Expression of Ndr1 during embryogenesis
Ndr1 expression in the wild type embryos was followed and compared with N-myc through developmental stages by northern blotting of total embryo mRNA using b-actin mRNA as control (Fig. 4A) . N-myc expression was at its peak around 9-10 dpc ( Fig. 4B and our unpublished data), and then the expression level decreased and was very low by the end of the gestation period. Conversely, Ndr1 expression was low at the beginning but sharply increased from around 13 dpc (Fig. 4 ). This inverse relationship of overall transcript level between N-myc and Ndr1 was consistent with Ndr1 being repressed by N-myc.
Developmental regulation of Ndr1 was compared with Nmyc expression at the tissue level using in situ hybridization of sections (Fig. 5 ). These analyses of the tissues from 11.5 dpc to 16.5 dpc showed that in most of the cases both genes were expressed in the same tissues, where N-myc was first expressed and later Ndr1 expression increased as N-myc decreased. In some cases Ndr1 was expressed without reduction in N-myc mRNA expression, but in these, Nmyc protein was found to be excluded from the nucleus as reported previously for large neurons (Wakamatsu et al., , 1997 .
Thus, in the majority of cases Ndr1 is expressed when Nmyc expression decreases. This chronological relationship between N-myc and Ndr1 is most typically seen in the developing kidney in which the cortical zone is occupied by undifferentiated mesenchyme, and cells in more advanced stages are arranged toward the inside. Sections of a kidney at 14.5 dpc, hybridized with N-myc and Ndr1 antisense probes, respectively, are shown in Fig. 5A ,B. As reported previously (Mugrauer et al., 1988; Mugrauer and Ekblom, 1991) , N-myc expression was high in the cortical zone of the developing kidney, specifically in those mesenchymal cells which were to undergo epithelial transformation (Fig. 5A) . Deeper inside where the tubule structures were more mature, N-myc expression became weaker and Ndr1 expression became prominent (Fig. 5B) . In a later stage at 16.5 dpc, the N-myc hybridization signal in the cortex weakened (Fig. 5C ), while Ndr1 expression rose and epithelia of the structures derived from the tubules were heavily stained (Fig. 5D) .
Enamel organs of the tooth germs represent an analogous case. Enamel organs develop by invagination of oral ectoderm through the dental ledge, and the cup-shaped cuboidal epithelium, consisting of presumptive ameloblasts is formed. As shown in Fig. 5F , N-myc expression occurred widely in the ameloblast precursors, but in the most central region called the enamel knot, N-myc expression was downregulated and taken over by Ndr1 (Fig. 5G) .
In the lung epithelium the essential function of N-myc has been well documented (Moens et al., 1992 (Moens et al., , 1993 Stanton et al., 1992; Sawai et al., 1993) . At 11.5 dpc when bronchi started to develop, N-myc was expressed primarily in the epithelia of the lung, while expression of Ndr1 was very low in the whole lung (Fig. 5H,I ). At 12.5 dpc, however, N-myc expression in the lung was greatly down-regulated and Ndr1 expression took its place primarily in the epithelia (Fig.  5J,K) . Thus, the chronologically inverse relationship between N-myc expression and Ndr1 expression was also observed in the lung.
In other tissues Ndr1 is expressed when N-myc protein becomes cytoplasmic without decrease of N-myc messages, as mentioned above. These included dorsal root ganglia, sympathetic ganglia, adrenomedulla, and germ cells and Wolffian duct of the gonad (data not shown). Earlier in development of these tissues when Ndr1 expression had not begun, N-myc protein was in the nucleus (9.5 and 10.5 dpc) (Kato et al., 1991; Wakamatsu et al., 1993 ; and data not shown), strongly suggesting that Ndr1 was expressed because N-myc protein activity in the nucleus decreased by protein exclusion. 
Ndr1 gene and its regulation by N-myc
Two lines of evidence, augmented expression in the Nmyc deficient mutants and chronology of expression relative to N-myc in individual tissues, argue that Ndr1 gene is repressed when N-myc activity is high. We thus sought to determine how this gene is regulated by N-myc.
Sequence analysis of the Ndr1 gene cloned from the mouse genome indicated that this gene is fairly large, spanning more than 40 kb, and consisting of many exons (Fig.  6A) . The initiator codon was found in the second exons. Promoter region was identified by clustering of the ends of 5′ RACE clones and the existence of a canonical TATA-box between −30 and −25. Two GC-box sequences were found in the immediate upstream of the TATA-box.
Varying lengths of Ndr1 sequences upstream of +76 were joined to a promoter-less luciferase gene, and the promoter activities were examined by transfecting 10T1/2 cells. 10T1/2 cells did not express N-myc but contained an abundant level of Ndr1 transcript as judged by northern blotting (data not shown).
The sequence up to -14 kb strongly activated the luciferase expression, to a level twice as high as RSV long terminal repeats (Fig. 6B) . Deletion of the distal 8 kb region to -6 kb significantly reduced the luciferase expression. This 8 kb region contains an enhancer which is not affected by Nmyc (data not shown). Removal of additional sequences up to −73 bp resulted in only a slight decrease of the promoter activity. Additional deletion to −52 bp which removed a GC-box reduced the promoter strength to half, and the deletion which removed both GC-boxes (−31 bp) inactivated the promoter (Fig. 6B) .
We tested whether the Ndr1 promoter is repressed by Nmyc. We also inquired if the effect of N-myc is dependent on the dimerization partner Max. Expression vectors for Nmyc and Max (Tsuneoka et al., 1997) were cotransfected with the luciferase reporter genes in 10T1/2 cells and their effect was examined. Luciferase expression was normalized using additionally cotransfected pmiwZ coding for b-galactosidase. Expression of pmiwZ remained virtually the same regardless of the input of Nmyc and Max expression vectors.
When N-myc expression vector was cotransfected, expression of −73 promoter construct (pNd-73Luc) was weakly repressed, and the repression became more significant with the combination of N-myc and Max expression vectors (Fig. 6C, second panel) . The construct with the region up to −14 kb was repressed similarly (data not shown), indicating that −73 promoter is sufficient for receiving the repressive effect. In contrast, expression of pRSVLuc was not significantly affected (Fig. 6C, leftmost panel) . When the amount of expression vectors for N-myc and Max was changed with a fixed N-myc/Max ratio, expression of pNd-73Luc was more severely repressed with increase of exogenous N-myc/Max, eventually to 20% of the level without them (Fig. 6D) , indicating that the Ndr1 promoter is repressed by N-myc:Max. The constructs with −52 bp and −138 bp promoter sequences were repressed with almost the same dependence on the amount of N-myc and Max ( Fig.  6D and data not shown), indicating that the repression is mediated by the promoter region within 52 base pairs from the transcription start site. RSV promoter was weakly inhibited by a high amount of N-myc:Max, but this inhibition was clearly distinguished from the repression of the Ndr1 promoter (Fig. 6D) We then inquired if this repression is dependent on direct binding of N-myc:Max to the Ndr1 promoter sequence. There is precedence of c-myc-repressed promoters where the repression does not involve direct DNA binding of the c-myc protein (Facchini and Penn, 1998) . The bHLH-LZ portion of N-myc and full length Max were synthesized in vitro as the fusion proteins (GST-N-myc and GST-Max), and their binding to the promoter sequence was compared with their binding to the Myc-consensus-containing sequence CM-1 (Blackwell et al., 1990) . It was found that GST-N-myc bound to the short sequence of Ndr1 promoter immediately upstream of the transcriptional initiation site (−24 to −1), with one-fifth the strength of CM-1, although GST-Max did not bind to the Ndr1 promoter. Heterodimerization with GST-Max reduced binding to the Ndr1 promo- A. Shimono et al. / Mechanisms of Development 83 (1999) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] ter sequence, while it augmented binding to CM-1. A repeat of CAC, the half site of Myc binding consensus, existed just upstream of the start site (Fig. 6A,E) . We speculated that this repeat might provide the site for N-myc binding, and produced mutant sequences of this (M3) and surrounding regions, then examined their binding of GST-N-myc and GST-N-myc:GST-Max. Binding of GST-N-myc and GST-N-myc:GST-Max diminished with the M3 sequence (Fig.  6E , the third panel from the left), while the bindings were unaffected in other mutant sequences (data not shown). There was a residual binding of N-myc protein to the M3 sequence observed, but N-myc binding of this level occurred with any sequences we tested (data with −73 to −50 sequence is shown in Fig. 6E as an example), indicating its non-specific nature. The −73 promoter with this M3 mutation, however, showed the same activity and was repressed identically as the wild type −73 promoter (Fig.  6E) , arguing that although N-myc binds weakly to the Ndr1 promoter, this binding is not relevant to the repression mechanism. Thus Ndr1 promoter is repressed by N-myc plus Max by a mechanism which may not depend on their direct binding.
In order to see if repression is specific to the N-myc protein, the effect of exogenous c-myc on the Ndr1 promoter activity was examined. As shown in Fig. 6C (third panel), c-myc and c-myc plus Max repressed the promoter similarly to N-myc and N-myc:Max, indicating that the repression of the Ndr1 promoter is probably the general property of the myc family proteins.
Finally, we asked whether the repression is dependent on the histone deacetylase activity, which is widely involved in repression of transcriptional initiation (Struhl, 1998) . Trichostatin A, a specific inhibitor of histone deacetylases (Yoshida et al., 1990) , mostly eliminated repression by N-myc:Max (Fig. 6C, rightmost panel) , arguing for histone deacetylase-mediated repression of the Ndr1 promoter.
Discussion
Evaluation of the strategy of embryo cDNA subtraction
The strategy we adopted for isolation of N-myc downstream genes was technically based on repeated cDNA subtractions aided by PCR to enrich mRNA sequences differentially represented in two sequence populations. We used whole embryo of wild type and N-myc mutant as the cDNA source. The feasibility of this maneuver was demonstrated by Wang and Brown (1991) and Kanamori and Brown (1993) for isolation of genes responding to thyroid hormone in tadpole tail tissues and cultured cells. In contrast to these previous cases, an embryo contains many kinds of tissue and organs. A precaution was thus taken to avoid such mRNA sequences that may merely reflect hyperor hypotrophy of an organ rather than reflecting regulation by N-myc in a cell. Embryos of 10.5 dpc appeared satisfactory, since N-myc mutant tissues were hardly distinguish- Fig. 7 . Amino acid sequences of Ndr1 and its homologues. The amino acid sequences deduced from the cDNAs are compared. Mouse Ndr1, human RTP (Kokame et al., 1996) , C. elegans locus CEZK1O73. 1 (Wilson et al., 1994) and sunflower protein SF21 (Kräuter-Canham et al., 1997) . The underline indicates three repeats of GXRSRSHTSE sequence in the Ndr1 sequence. Amino acid residues identical to Ndr1 are shaded in blue and similar residues in green. The numbers in parentheses indicate the % amino acid identity compared to Ndr1. able from wild type embryos in morphology, and since the stage was immediately after the peak of N-myc expression, so that expression of the genes under regulation of N-myc would be significantly affected in the mutants.
Enrichment of genotype-dependent cDNA populations was successful. The extent of enrichment of specific sequences in the final subtracted cDNA was comparable to that reported by Wang and Brown (1991) for thyroid hormone response, demonstrating that the whole embryo can be a good starting material for cDNA subtraction.
The strategy was simply to look for the genes that altered their expression levels in either direction in the mutant embryos and did not rely on the mechanism of gene regulation. Thus, the strategy should be widely applicable in identification of target genes of a transcription factor when the mutant mice are available.
Genes under the control of N-myc
The cDNA sequences tabulated in Table 1 represent examples of the genes under regulation of N-myc in either direct or indirect ways. The majority of the cDNAs corresponded to genes which are up-regulated in N-myc mutants as exemplified by Ndr1, implying that N-myc protein often functions as a negative regulator of transcription.
Most of the sequences in Table 1 are novel. This kind of approach will accumulate a number of new embryonic genes which have not been in cDNA data bases of mature adult organs.
One exception is w26 which corresponds to ribosomal protein L5. This protein has been registered as a ribosomal protein, but is shown to stoichiometrically bind oncoprotein MDM2 and to be incorporated in the p53/MDM2/L5 ternary complex (Marechal et al., 1994) , implying a regulatory link between N-myc expression level and p53 activity through this interaction. p53 bound by MDM2 is inactivated (Momand et al., 1992) . Therefore, if L5 in the ternary complex counteracts this effect of MDM2, then augmentation of L5 expression by N-myc will support the activity of p53 and may provide a surveillance mechanism against excessive Nmyc expression which is otherwise oncogenic.
Regulation of Ndr1 expression in vivo
Consistent with negative regulation of Ndr1 expression by N-myc, Ndr1 was significantly up-regulated in homozygous mutants at 10.5 days when N-myc expression was high and Ndr1 expression was low in the wild type embryos. However, N-myc does not simply repress Ndr1, since expression of the two genes occurs in the same tissues, initially N-myc and followed by Ndr1. A simple model consisting of two mechanisms can be proposed: A mechanism to turn on N-myc expression also potentiates Ndr1 expression, but Ndr1 remains unexpressed as long as the repressing activity of N-myc is present. When N-myc expression decreases, Ndr1 expression begins because of relief from repression by N-myc. In several tissues N-myc mRNA persisted even after Ndr1 expression was initiated, but in these tissues N-myc protein was accumulated in the cytoplasm, as has been documented for large neurons (Wakamatsu et al., , 1997 , presumably resulting in sequestration of the Nmyc activity from the nucleus.
Null N-myc mutant embryos develop defects in almost every tissue expressing N-myc, and die around day 11 (Charron et al., 1992; Stanton et al., 1992; Sawai et al., 1993) , and in many of these tissues Ndr1 was activated in the mutant (Fig. 2) . If Ndr1 expression accompanies cell differentiation, then earlier Ndr1 expression in the mutant tissues would indicate premature withdrawal of the tissue primordia from development. The hypomorphism in many of the affected organs seems consistent with the model of tissue primordium shortage.
Repression of the Ndr1 promoter by N-myc and Max
Investigation of the regulatory interactions between the N-myc and Ndr1 gene demonstrated that Ndr1 promoter activity is repressed by the combination of N-myc and Max. Fifty-two bp from the transcriptional initiation site is sufficient for receiving this repressive effect (Fig. 6D) , and there is an N-myc binding site close to the initiation site (Fig. 6E) . However, this N-myc binding site is not involved in the repression (Fig. 6D) . Thus, the effect of N-myc:Max may not depend on the direct binding of this complex to the Ndr1 promoter. It is tempting to speculate that the N-myc:Max complex interacts with the basal transcriptional machinery, as is also suggested for the action of c-myc (Facchini et al., 1997; Facchini and Penn, 1998) . Alternatively, the N-myc:Max complex may activate a gene coding for a repressing component of the transcriptional machinery.
An important observation is that repression of the Ndr1 promoter by N-myc and Max did not occur in the presence of Trichostatin A (Fig. 6C) , a specific inhibitor of histone deacetylases (Yoshida et al., 1990) . As histone deacetylases are associated with a variety of transcriptional co-repressors (Struhl, 1998) , the observation is consistent with the model that repression of Ndr1 promoter by N-myc:Max occurs at the level of transcriptional initiation.
There is an increasing number of cases reported in which promoters without E-box sequences are repressed by c-myc (Facchini and Penn, 1998for review) . c-myc in fact repressed the Ndr1 promoter similarly to N-myc, arguing for a repression mechanism common to the myc family proteins (Fig. 6C) . In some of the documented cases, repression of the promoters by c-myc is mediated by a pyrimidinerich sequence termed initiator (Inr) sequence (Li et al., 1994; Mai and Martensson, 1995; Lee et al., 1996) , but Ndr1 promoter does not have Inr. Elucidation of the exact mechanism of the regulation of Ndr1 promoter by N-myc should have great bearing on understanding of the myc family gene functions.
Ndr1 protein and its homologues
This work has shown that the Ndr1 gene is developmentally regulated and intimately correlated by the N-myc expression. N-myc is primarily an embryonic gene, and is expressed immediately before the terminal differentiation of many tissues (Mugrauer et al., 1988; Hirning et al., 1991; Kato et al., 1991; Mugrauer and Ekblom, 1991; Wakamatsu et al., 1993; Shimono et al., 1996) . Ndr1 expression is activated in the following differentiation phase of the same tissue.
In July 1996 when the Ndr1 cDNA sequence was submitted to the data bases as the gene repressed by N-myc, the only homologue found there was C. elegans locus ZK1073. 1 protein (23% amino acid identity) (Fig.  7) . However, cDNAs of mammalian homologues of Ndr1 have recently been cloned using different clues probably reflecting the non-embryonic functions of Ndr1, although their functions remains to be identified: mouse TDD5, likely derived from an alternative splice form of Ndr1 mRNA, and is down-regulated by testosterone (Lin and Chang, 1997) ; human RTP (94% amino acid identity) which is up-regulated in vascular endothelial cells by homocysteine (Kokame et al., 1996) ; human Drg1 identical to RTP, which is up-regulated during differentiation of colon cancer cells (van Belzen et al., 1997) ; human Cap43, also identical to RTP, induced by Ni 2 + compounds (Zhou et al., 1998) . In addition, a sunflower homologue SF21 (24% amino acid identity) has been reported (Kräuter-Canham et al., 1997 ) demonstrating significant conservation of this protein. The observation of Drg1 is particularly interesting, since its down-regulation in the transformed condition is consistent with the model that the function of Ndr1 is related to the differentiated state of the cells.
Ndr1 and other genes identified in this work are invaluable resources in the investigation of how N-myc participates in embryonic development. It is remarkable that many of the N-myc downstream genes are negatively regulated by N-myc, implying their involvement in cell differentiation in analogy with the case of Ndr1. Understanding of the molecular function of the Ndr1 protein is an important step toward the goal, and is being pursued using various approaches.
Experimental procedures
Mice and embryos
The N-myc mutant allele described by Sawai et al. (1991 Sawai et al. ( , 1993 was kept as heterozygotes in ICR background. This allele produces a neo-N-myc composite transcript without coding for N-myc protein. Individual embryos derived from the heterozygous crosses was genotyped using yolk sac DNA (Sawai et al., 1993) .
cDNAs and cDNA subtraction
Total RNA was extracted from wild type and N-myc deficient embryos of 10.5 dpc by a guanidium isothiocyanate method, and mRNA was purified by Oligotex TM -dT30 (Takara). Oligo dT-primed cDNAs were synthesized using cDNA Synthesis System plus kit (Amersham).
The subtraction procedure of Wang and Brown (1991) was adopted with modifications. Three aliquots of cDNAs were prepared from the cDNA pool of each genotype. Two were digested to completion with AluI or AluI plus AfaI, respectively, and the third was kept undigested. The three aliquots were mixed, ligated with double-stranded linkers prepared from dCTCTTGCTTGAATTAGGACTA and dTAGTCCGAATTCAAGCAAGAGCACA, electrophoresed through a 1.5% low melting temperature agarose gel to remove the unligated linkers and long cDNA molecules (Ͼ1.5 kb). The cDNA fragments recovered from the gel were amplified by PCR with dCTCTTGCTTGAATTAG-GACTA primer. The amplified wild type and mutant cDNA fragments were the starting material (original) for subtractive hybridization. The PCR products were divided into the 'tracer' fraction to be subtracted and the 'driver' fraction used for the subtracting body (Wang and Brown, 1991) . The driver fraction of wild type and mutant cDNAs was digested with EcoRI to cleave the linker to avoid further PCR amplification, and photobiotinylated using a selected lot of Photoprobe biotin (Vector). The biotinylated driver (either wild type or mutant) and non-biotinylated tracer DNA of the opposite genotype were mixed at a ratio of 20:1, denatured and hybridized for 20 h (long hybridization); then the biotin-containing DNAs were removed by phenol extraction. The remaining cDNAs were hybridized again with the original biotinylated driver for 2 h (short hybridization). The biotinylated DNAs were again removed, and the initial subtraction cycle was completed. The products of the first subtraction cycle were divided into two fractions and used for tracers of the same genotype, (e.g. wild type cDNA) and drivers of the opposite genotype (e.g. mutant cDNA) of the long hybridization of the second subtraction cycle. The short hybridization of the second subtraction used the same driver as the first subtraction cycle, i.e. the biotinylated original cDNA of the opposite genotype. The products of the second subtraction cycle were used for the third subtraction cycle which was done in the same way as the second cycle.
The cDNA fragments amplified by PCR after three subtraction cycles were inserted into the EcoRI site of pBluescript KS(-) to make primary subtracted libraries. These libraries contained highly iterated cDNA populations which had escaped from subtraction. The populations were identified as strongly positive colonies in the primary subtracted libraries when hybridized with a mixture of the inserts of the same library, and accounted for about 70% of each library. These abundant sequences were removed using the cDNA inserts of the abundant sequences as driver of an additional subtraction step as described by Wang and Brown (1991) , and the final products were used to construct secondary subtracted libraries on the same plasmid vector. The secondary subtracted libraries were used to screen the cDNA of mRNAs differentially expressed between the genotypes.
These clones were screened for the difference in expression levels between the wild type and mutant embryos, using northern hybridization of total RNA or plaque hybridization of phage library of original cDNA of wild type and mutant embryos.
In situ hybridization
In situ hybridization using digoxygenin-labeled probes was done according to Wilkinson (1992) (whole mount) and Uwanogho et al. (1995) (histological section). The Ndr1 probe was a 900 bp long EcoRI-HindIII fragment of cDNA and the N-myc probe was the 950 bp long 3′ noncoding sequence (Kato et al., 1991) .
Genomic clones of Ndr1
Full length Ndr1 cDNA was reconstructed from a cDNA in phage clone m113-4 and a 5′ RACE product (Frohman et al., 1988) . Using the cDNA as probe, a mouse genomic library in lambda-dash vector (provided by J. Rossant) was screened and several clones representing various portions of the Ndr1 gene were obtained. Clone f1 was found to span the region −14 kb to +4 kb (ending in intron 1) and used for promoter analysis.
Transfection of pNd-Luc with N-myc and Max expression vectors
Various lengths of the Ndr1 sequence upstream of the SacII site (at +76) or Rous sarcoma virus (RSV) long terminal repeats were inserted to a promoter-less luciferase expression vector pPL-LucII (Kamachi and Kondoh, 1993) and pNd-Luc plasmids were constructed. 10T1/2 cells seeded at 5 × 10 4 per 3.5 cm diameter dish were transfected according to Kamachi and Kondoh (1993) with a DNA mixture of reporter pNd-Luc plasmids (1 mg/dish), effector vectors for N-myc and Max [pmiwNmyc ) and pmaxCDM8 (Tsuneoka et al., 1997) , respectively], transfection control vector pmiwZ (Wakamatsu et al., 1997) (0.2 mg/dish), insert-less vectors and pUC19 to keep total DNA (2.2 mg/dish) and mole composition of effector vectors constant. In some cases, Trichostatin A (Sigma) at 100 ng/ml was added 12 h after transfection. Luciferase activity was measured 24 h after transfection.
Transfection of Ndr1 expression vector
The Ndr1 cDNA was inserted into pmiwSV (Wakamatsu et al., 1997) after addition of a FLAG tag-coding sequence at either end of the open reading frame. The vector was transfected to COS7 cells using lipofectin (Gibco-BRL). Seventy-two hours after transfection, the cultures were processed for immunofluorescence (Wakamatsu et al., 1997) using anti-FLAG monoclonal antibody M2 (IBI) or for western blotting using anti-FLAG polyclonal antibodies (Flag probe D-8, Santa Cruz).
Electrophoretic mobility shift assay (EMSA)
GST-N-myc fusion protein was expressed in E. coli DH5a, from the plasmid pGEX-3X (Pharmacia) with inframe insertion of N-myc cDNA sequence from codon 354-454 (gift of M. Tsuneoka), purified with Glutathione Sepharose 4B beads (Pharmacia), and stored in 50mM Tris (pH 8.0), 1 mM DTT, 1 mM PMSF and 20% glycerol. GSTMax fusion protein (GST-Max) (Tsuneoka et al., 1997) was prepared similarly. Ndr1 promoter 24 bp sequence and CM-1 sequence prepared as HindIII-XhoI fragments were labeled with a-[ 32 P]dCTP. Each probe (0.01 pmol) was incubated with GST-fusion proteins (each 300 ng) in a total volume of 10 ml containing 20 mM HEPES (pH 7.8), 10% glycerol, 50 mM KCl, 2 mM MgCl 2 , 1 mM dithiothreitol, 1 mM EDTA, 0.1% NP-40, 1 mg BSA and 1 mg poly(dIdC) for 30 min at room temperature. The mixture was electrophoresed according to Kamachi and Kondoh (1993) .
